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A BSTRACT 

This thesis describes the design of a kite pump model 

for testing in the win d tunn*^!. The pump enploys a kite to 

extract energy from the wind and converts it into potential 

energy of water. The pump operates automatically/ does not 

need any other auxiliary energy input and is sinple in design. 

Equations of motion of the energy system during upward and 

downward notions are developed to obtain performance parameters 

of the pump. This model pump gives a mass flow rats of 

0.136 Kg/sec and power of 0.40 watts for a C onyne kite of 
2 

area 0,069 m at the v^Qd,.spe.ed of 9 m/sec. A sensitivity 

analysis has also been performed to specify parameters which 
affect the pump performance significantly. 



CHAPTER I 


INTRODUCTION 

The energy needs of mankind are increasing at a 
tremendous rate while the available natural resources, 
especially those which have served the needs of mankind until 
now are dwindling. It is essential, therefore, that new 
and yet untapped and inexhaustible sources are developed 
for present and future energy requireiTients. 

One attractive source of energy is the atmospheric 

14 

wind* It is estimated that approximately lo KW of power 

could be made available from the wind. Annual kinetic energy 

17 

of the wind is of the order of 10 KWhr and practical land 

14 

based wind generators could extract as much as lO Klfhr 
of energy per year world wide [ l]. 

The wind energy conversion systems developed so far 
can be classified into two main groups: 

( i) Ground based windmills 
( ii) Tether wind energy systems 

Ground based windmills essentially consist of a rotor which 
converts wind energy into the shaft rotation. The rotor is 
usually iTKDunted on a tower. The shaft rotation can be used 
either to pump water from a well or run a generator to produce 
electricity. Control mechanisms are often provided to always 
keep the rotor perpendicular to the wind direction. 
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For ground based systems cost considerations limit- 
the height of the tower and the diameter of the rotdr, therefore 
the rotor cannot be raised to such an altitude where steady 
and large wind potential is available. Further , even after 
a high degree df refinement in their design, the single unit 
power output is limited to a fdvj M’jis . Several schemes to 
concentrate bhQ wind energy ^e being pursued to increase the 
output, but the economics of the machinery that intercepts 
the wind is Still commercially uncertain. 

In order to improve conversion, larger volumes of high 
velocity wind must be intercept^ad by a single machine. To 
achieve this^ several tether based energy systems have been 
suggested. In these systems, a kite or a glider type system 
intercepts wind at those altituias where wind potential is 
large and is conparatively steady in space and time. 

In one type of system a windmill coupl-ed ’.vith a generator 
is installed on a floating body anchored to the ground with a 
tether and the electrical energy produced there is transported 
to the ground through the conducting core of the tefcher. A 
similar scheme to use an aerodynamic platform at an altitude of 
12 Krn in Australia, where jet streams blow have been suggested 
by Fletcher and Roberts [ 2 ] . A some what different scheme 
has been proposed by Loyd [s] * He uses a glider type system 
tied to a tether. The design is such that as the wind blows, 
the glider type system rotates in a big circle whose plane is 
perpendicular to the wind direction.. During rotation, the 
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system velocity is much larger than the wind velocity. 

Therefore, if a windmill is mounted on the system, it will 
produce much larger power than that produced with a single 
kite situated at the same location. 

Loyd has also shown that the lift produced in a high 
lift to drag ratio machine is sufficient to both support the 
kite like machine and generate power. All the above work, 
however, has been done theoretically and no experimental 
demonstration of the concept has yet been reported. 

The use of Fletcher's scheme is limited as only a 
few locations where jet streams blow have been identified. 
Moreover, for the large scale power production, the weight of 
generators on the kite systems degrades performance and, 
therefore, other means of power transmission to the ground 
are needed. 

In the second type of systems, the wind is intercepted 
by the floating body and its effect are transmitted to the 
ground through the tether. However, the useful energy conversion 
takes place at the ground and not on the floating body. 

Goela [4] has given some basic and concrete idea about 
the process of power extraction by noting the fact that the 
tether tensions depend upon the angle of attack of the kite 
and that a variation in the tether tension could be used to 
design a kite energy conversion system as a two— stroke system 
with a power and a return stroke. In the power stroke the tether 
tension is maximized while in a return stroke it is minimized. 
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The changecovar from power to return stroke and vice~versa 
takes place through a control mechanism that may be activated 
either remotely or by using an auxiliary string. Based on 
this scheme, in ref .(4) some sinple energy conversion systems 
involving kites have been described. 

In one scheme [ 4 ], the tether tension is used to rotate 
a wheel for half of the revolution on the ground. Just before 
the dead center is reached, the kite angle of attack, the 
projected area or both are reduced by a control mechanism. 

This reduces tether tension and the wheel is brought back to 
its original state by spending less energy. Thus a net power 
gain is obtained in one revolution. This is a high torque 
low speed system useful for low speed applications such as 
purrping of water. Proper synchronization of the control 
mechanism with the wheel rotation is very critical. It may 
pose practical difficulties in variable winds. 

Consequently, another system called Reeling system 
has been described to obviate synchronization difficulty. 
Here, the tether tension is used to rotate a reel on the 
ground by unwinding it. After the kite has gone out some 
distance, the tether tension is reduced by a control mechanism 
and the rewinding of the reel is acconplished by spending less 
energy. Thus a net power gain is obtained. It is a high rpm 
low torque system therefore, the reel could be directly coupled 
to an electric generator through proper gearing. The 
disadvantage, that the power is produced in only part of the 
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time, can be avoided by using two kites system. This reeling 
system may also be used as a punp for irrigation; where 
only one kite is sufficient. A bucket is used to lift the 
water from the well. In the above design, the wind energy is 
first converted into rotational energy of the rotor which is 
then converted into the energy of the reciprocating pump. 

However, a direct energy conversion pump has also been suggested. 

Present work can be taken as a detailed design of the 
above kite-punp energy conversion system. Our aim in this 
study is to design a Kite-pump which will be used for irrigation 
purposes in India, The requirements for such a system may be 
summer izecL, as: 

( i) Low cost 

( ii) Sinplicity of the system 

( iii) Ease of operation and maintenance 

( iv) Greater output and better conversion efficiency 

(v) Conplete independence from any other energy 
in put. 

As will be shown later in this study, a kite pump can possibly 
satisfy the above requirements and therefore this work is 
directed to the design of a sinple and purely mechanical 
Kite-purnp, 

This design task has been divided into four parts. 

First, an appropriate kite design has been selected from 
several kite models described in the literature [5] . The 
criterion for selection is described in Section II. Then we 
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concentrated on the design and fabrication of the kite model 
and this is given in Section III, After the kite model was 
made, it was mounted in a 3-D wind tunnel to measure tension 
in the kite tether. The results of this ireasurernent are 
given in Section IV and its use in the design of a kite punp 
is given in Section V. Finally, conclusions are included in 
Section VI and recommendations for further work are presented 
in Section VII. 



CHAPTER II 


SELECTION OF A KITE MODEL 

Kite flying was an amusemental and rejoice able activity 
in the past, therefore, its so called selection and design 
were mere subjective decorations depending upon personal 
taste and interest that varied very rapidly like female 
clothing. But if the driving force changes from amusement 
to energy conversion the selection and design of kite should be 
based on the systematic considerations of its basic character- 
istics and requirements. 

Following are the main requirements of a kite model 
suitable for a kite pump: 

i) stability 

ii) low cost 

iii) scaling to large sizes 

iv) high lift to drag ratio 

v) large surface cirea to weight ratio 

vi) should fly at low wind velocity and 

vii) should be structurally strong and durable. 

In the light of these factors four basic type of kite 
models (Fig.l) are examined below: 

U,1 FLAT KITE 

Stability: A flat kite is normally not as stable as we 

would like it to be for our requirements. This is because it 
is difficult to design a flat kite in which the centers of 
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F iq , I Var ious k i te m ode ls ( a] Te tr a he 
kite,(c) Square cell or Box k 
(e) Conyne kite. 
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pressure and gravity will coincide[6 ] . To see how a flat 

, , , ' - ^'=5 'r ^ ' ■ ' • ' 

kite becomes- hnst.able' whfe!!i> its centers of pressure and gravity 
do nc|f;^gQ^i,npido; . gonsider Fig.2 . E^ig. 2( a) shows the actual 
flying' configuration of the kite while ’Fig;2(by shyws "the 
true view of the kitei The. wind force can be resolved; into 
two corapcfnents; one acting" along .-and the. other perpeji^.iculat;, .^-^ 
to the kite surface. The coirponent" acting along the l^ite 
surface, cajisea-i tbs'jkiite to spin, about the genter of gravity 
(and not about the tettB-feiaxis) ,c The ■perpendicular^; conponent- : 
can cause rotation about lateral or longitudinal axis; of the c 
kite. All the above modes can make the kite unstable'". It 
should be noted, further, that the position of center of pressure 
and the magnitude of windforce varies with the kite angle of 
attack and the rolling angle. 

Center of Pressure (CP) Movement ; j'* 

In 3 flat plate CP moves back'ward as the angle of 
attack increases and vice versa. This is schematically shown 
in Fig, 3. If a rising column of air strikes the leading edge, 
the angle of attack of the kite increases causing CP to move 
to the rear. This results in increased lift at the rear end. 

Due to this the rear end of the kite rises and causes the 

angle of attack to decrease* Thus, the flat kite is stable [ 7 ], 

Attaching a tail to a flat kite normally improves its 
stability but the tail increases the kite weight without 
increasing the lifting surface area which is undesirable. The 
flat kite flies exceptionally well in light to gentle winds. 




T = Tether Pull 
W = Weight of kite 
F = Total wind force 
CP = Centre of pressure 

2 "Forces octiag on a flat kite and its stability 





Fig. 3 The movement of centre of pressure for a flat kite 
with increasing angle of attack. 
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Scaling beyond a certain size is not desirable in a flat kite^ 
because, of worsening structural rigidity. As compared to other 
models it is cheaper; but its lift to drag ratio is low because 
it is not an airfoil section. 

There are several models like Delta kite and Malay kite 
where surfaces have some curvature instead of being perfectly 
flat. For low angle of attack, a flat kite has greater lift 
than the curved surface kite, which has higher drag. Therefore, 
for low angle of attack a flat kits is preferable to a curved 
surface kite. However, the trend reverses at higher angle of 
attack, 

II. 2 TETRAHEDRAL AND SQUARE CELL KITES 

These are cellular kites having excellent stability 
but these kites require moderate to strong winds to stay aloft. 
The stability is due to the structure called DIHEDRAL whose 
action is shown in Fig. 4(a). If the kite rolls slightly to 
the right, the tip of the right wing meves forward and the wind 
force on the wing increases. At the same time, the wind force 
acting on the left wing reduces, because, its projected area in 
the direction of wind decreases. The kite is, therefore, 
subjected to more wind force from the right wing and less force 
from the left wing. This causes the kite to roll back to the 
left. Two arrangements of dihedrals are possible [ Fig. 4 (b) ] , 

The scaling of cellular kites to large sizes is excellent 
because of their three dimensional structure. However, their 
L/D ratio is conparatively simll. Also, they have low surface 
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Fig. 4(a) Rolling stabilization of a kite with dihedral 

(Top view) 



Fig. 4(b) Two possible dihedral structures, 
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area to weight ratio. Their cost is somewhat higher. This 
type of kites can be recommended for those locations where 
strong winds blow all year around, 

II. 3 PARAFOIL KITE 

This kite is a combination of an airfoil, uses 
inflation principles of a wind shock and some characteristics 
of a parachute. The net result is a highly efficient kite 
with great lifting power. Made entirely from fabric# this 
type of kite does not have any supporting structure. Scaling 
to large sizes is possible and the cost is not vary much, 
St^ility is due to the front flaps connecting the bridle lines 
and the parafoil mainbody. 

Two points connected with parafoil kite should be noted. 
First# as its angle of attack increases, the resultant wind 
force increases in magnitude and CP moves towards the leading 
edge. This beha/iour is just opposite to that of a flat kite. 
This increases the angle of attack further, and the cumulative 
effect makes the parafoil kite unstable in this sense. 

Secondly, the angle of attack of the parafoil kite cannot 
be reduced beyond a certain limit because the kite is flexible. 
Otherwise, the hollow space will collapse and the kite shall 
stop discharging its functions properly. This is shown in 
Fig, 5. 




Fig. 5 Collapse of a parafoil kite at low angle of attack 
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11.4 CQMYNE KITE 

It is essentially a triangular box kite with wings. It 
incorporates the lifting advantage of a flat kite with the 
stability of a cellular kite. Actually, lift and stability 
cannot florish together, one has to be sacrificed for the sack 
of the other. Parafoil is not designed with dihedral, therefore, 
it gives less stability but large lift. A Conyne Kite is very 
stable because it has dihedral. 

SLOTS are incorporated in the structure, in order to 
improve the airflow conditions at higher angle of attack. 

Since streamlined flow gives more lift it is better to have 
slots in a kite structure. Further, it is beneficial to 
locate these slots near the leading edge. The function of a 
slot is shown in Fig. 6, The characteristics of a Conyne Kite 
lie somewhere between that of a flat kite and a cellular kite. 
This kite has good stability, low cost, can fly in winds as low 
as 3 Km/hr, and could be scaled to large sizes. However, its 
L/D ratio is smaller than that of a parafoil, 

11. 5 SELECTION OF A BASIC KITE DESIGN 

The high instability inherent in a flat kite, low 
surface area to weight ratio of a tetrahedral kite and the 
possibility of a parafoil kite to collapse at low angle of 
attack have restricted their use in wind tunnel testing. 

However, to gain the first hand experience, the flat 
kite and the parafoil kite models were made and tested in the 
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wind tunnel. Both these models were found to be very unstable 
and not appropriate for our application. A conyne Kite is stable, 
reasonably strong .and produces reasonable value of L/D ratio. 

This type of kite modal was also made and tested in the wind 
tunnel* It proved batter than the other models tested. For 
these reasons, we decided to use it for further experimental 
work . 



CHAPTER III 


. DESIGN AND FABRICATION OF THE KITE MODEL 

For the Conyne type of the kite that we wish to design, 
the geometric dimensions have been taken from reference [ 5] . 
However, it is desirable to take a kite with as large span as 
possible to minimize the effect due to tip vortices. This is 
explained in Fig. 7, As the air flows over and under the kite, 
it produces a region of low and high pressure, above and below 
the surface respectively. Because of the finite span, air 
under the wings seeks the low pressure region above the wing, 
by "spilling over" the tips. Eddies are formed in this manner 
at the tips, causing the streamlines to form vortices. The 
turbulence thus produced, absorbs energy and increases the drag 
At the same time the lift near the tip is reduced. Wing tip 
vortices are unavoidable, but their effect can be reduced by 
increasing the aspect ratio. Unfortunately, aspect ratio is 
also limited due to structural reasons. 

In attempting to design as large a kite as possible for 
obtaining more power, care must be taken to keep the ratio 
of kite area to wind tunnel cross sectional area, small. We 
have a maximum kite rotation of 32°, at the top and bottom 
dead points along with a 30 cm stroke length in 60 cm vertical 
space available in the wind tunnel. Subtracting 8 cm from 
the top and bottom to keep the kite out of boundary layer 
and for a kite rotation of 32°, the total length of the kite . 




Fig. 8 Wind tunnel restriction 
dimensions. 
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should be ^proximate ly 28 cm (Fig. 8) ( f c- one half of 

the kite length L is 14 cm as calculated from L Sin 32° = 7.0cm). 

The width of the kite cannot be increased more than 
60 cm, because of the presence of two steel rods which were 
used to facilitate vertical movement of the kite. Bigger 
kites block the airflow and may change the wind stream 
characteristics up and downstreams. Under these circumstances 
the proportionate dimensions were selected. The dirnensions 
of the kite are shown in Fig, 9, 

III.l KlTg MjVTSRIAL AND FABRICATION 

There are three main parts in a kite. These are: tether, 
sail and the frame* The tether is invariably made from either 
nylon or mylar* in our case* we have used nylon. For sail 
we used ripstop nylon especially imported from the United 
States* 

The ripstop nylon is perhaps the lightest, and the most 
durable fabric. Tighetly woven, this fabric has minimal 
porosity. Inferior quality of this fabric may be Urethane 
coated to give zero porosity i It is excellent to work with, 
capable of withstanding large pressure and easy to sew* 

In India, good plastic sheets. Parachute cloth, or 
ordinary cotton can serve the purpose? but the dope naast be 
applied to make it airtight. Moreover, the cloth naast be tight 
on to the frame from all sides, otherwise strong wrinkles 
may appear after dope dries away. More than one layer of dope 




I.D = 1.62 mm 
0. D = 2.10mm 


Thin dashes represent stitching 


Rg.9 The detailed Co nyne model 
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may be applied to get good results. 

The working and performance of the kite is better witn 
fabric, rather than plastic or tissue paper. Sewing is 
recommended to glueing because of higher pressure forces 
that are to be encountered during the energy conversion. 

Other useful sail materials could be Tyrek and Mylar. Tyvek 
is a spun bonded Olefin. Stiff, slippery and drapable 
(i,-e. confirms to the wind force more easily) paper. It can 
be sewn, glued or taped [8]. Mylar is a transparent polyester 
film having very high tensile strength. It cannot be sewn 
and is somewhat tricky to heat seal or glue, though contact 
cement works well. 

For the frame material, we used, bamboo sticks and 
stainless steel tube (surgical tubes). The latter was found 
to be better for our requirement.- The surgical tube is very 
expensive. It gives a light kite frame with high strength, 
stiffness and elasticity. The stainless steel tubing is 
difficult to weld. For smaller kites, brazing can be done. ■ 
For bigger kites, metal arc inert gas welding is the best. 
However, tubes having carefully prepared notches on their one 
side can be joined with araldite. Before applying this 
adhesive, the Joint should be carefully tied with a fine 
wire. This construction gives a clearcut and sharp featured 
frame. Three other very good materials which may also be 
used are aluminum tube, fiberglass rod aid tubular graphlex. 



25 


Aluminum tubing is a good compromise between strength and price. 

It is less elastic and difficult to weld. For smaller models. 
Capillary tubes are not available. However, for bigger kites 
it may serve useful purpose. Fiberglass rods are havier 
than aluminum, more durable and more flexible. Tubular Graphlex 
(Graphite-fiberglass struts) is costly, light, sturdy and 
collapsible. It is useful especially for larger kites. The 
niaterial is a filament-wound fiberglass, with graphite reinforce- 
ments running lengthwise, it is strong, springy and light. 

The ferrules are short fiberglass fittings that slip snugly inside 
the tube. They are used to extend the tube length. The tubes 
can be cut with a hacksaw, sanded or filed smooth, and drilled. 



CHAPTER IV 


MEASURE MBNT OF KITE FORCES IN THE Vtim TUNNEL 


In order to properly design a kite pump for wind tunnel 
testing/ it is necessary to first measure tether tension as a 
function of kite angle of attack, a Conyne type of model was 
made following the procedure outlined in Section III and mounted 
in the tunnel as shown in Fig. 10. 

The wind tunnel is a low speed wind tunnel having 3-D 
test section 168x91,5x61 cm. The wind velocity in the tunnel 
was measured using a micromanometer with resolution of + 0,0025 mm 
and accuracy of + 0,005 mm of manometer fluid (Ethyl Alcohol). 

In the tunnel, the wind velocity can be changed by varying the 
supply voltage of the blower. The wind velocity as a function 
of the blower voltage was obtained and is plotted in Fig, 11, 
and the details are shown in Table 1, 

The kite was briddled with two tethers, one tied near 
the leading edge while the other tied near the trailing edge. 

The two tethers pass through two holes in the bottom cover of- 
the wind tunnel. To measure the tether tensions we have used 
hanging weights directly connected to the tethers coming out of 
the lower wind tunnel covering. In the readings noted in 
Table 2 the pans weights are included to get the total tensions. 
Spring balances should not be used to measure the tether tensions, 
as any deflection in the system may change the models angle of 
attack [9], 




FIG.10 THE EXPERIMENTAL SET-UP FOR measuring 
luTE TETHER TENSIONS. 


28 


TABLE 1 

THE WIND SPEED AS A FUNCTION OF BLOWER VOLTAGE 

Atmospheric pressure = 73.6 cm of Hg 

Discharge section teirperature '= 22°C 

Formula used: Velocity V = 59,4 fps 

h = (Initial manometer reading-current manometer reading), in 
Initial Reading = 1.25S in. 
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1.204 
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13.93 

4.22 

3 

40 

1.091 
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24.35 

7.37 
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50 

0.975 

0.284 

31.65 

9.59 
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60 

0.775 

0,434 

41.32 

12.52 
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48.80 

14.78 

7 

. 80 

0.319 

0.940 

57.59 

17.45 
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Fig. II Va r ia t ion of wind speed w ith b iGwer voltage 
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To obtain accurate value of tension, the tether should 
pass through a smooth and continuously trouble free passage. 

We have fixed a glass tube, blown to take the shape of a funnel, 
at the lower covering. However, frictionless pullies with 
ball-bearings can also be used. The disappointing problem of 
tether going out of the pulley groove can be avoided by taking 
3 complete turn over the pulley* To constraint the kite to 
move in a vertical straightline, two polished steel tubes have 
been used, A light, hard and polished ring passes over these 
rods. These rings are tied to the Kite's extreme side points 
with a string. Superfinishing of the tubes and rings is the 
key point in reducing the friction in this arrangement. 

Because of drag, the kite may nK)ve downstream side. To 
ensure frictionless up and down kite motion, the weights must be 
added in the pans till the side threads come in straight line and 
the rings become free and loose. Previously, to ensure the kite 
stability, threads have been attached between the extreme side 
points and the top covering of wind-tunnel and it has been 
reported that the tension in these threads were negligible [ 4] , 
While conducting this experiment it has been observed that with 
this arrangement the angle of attack changes as the kite moves 
up vertically. Moreover the tension in the side threads may 
not be negligible. 

Oh© more technique to constraint the kite to move 
in vertical straight line has been tried. In this technique two 
pairs of pullies over which a full turn thread was passing, were 
But because of structural constraints of the test section. 


used 
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it did not turn out to be a rigid arrangement. 

IV . 1 ANGLE OF ATTACK 

Measurement of the angle of attack is the most inportant, 
but at the same time a difficult job, because the kite + tether 
system is a highly flexible network and the conventional method 
of measuring the angle of attack (used for Aerofoil section) 
fails. 

The Cathetometar , the familiar comparator, consisting of 
a telescope sliding on a vertical scale and provided with a 
vernier, gives the excellent solution to this problem. It 
leaves the kite arrangement totally undisturbed. The angles 
have been measured from outside the tunnel, looking through 
the front glass wall. A paper is pasted at the back wall, 
having angles marked from O to 360°. Since the eyepiece 
containing the cross wire can be easily rotated, the telescope 
is focussed on the kite centerline. Then the cross wire is 
turned so that it coincides with the kite centerline. The 
telescope is then focussed at the back wall "angle paper " 
without disturbing the cross wire. This gives the exact and 
actual angle of attack in any kite position. We have changed 
the angle of attack by varying the tether tensions, 

IV. 2 DATA ANALYSIS 

Table 2 shows the recorded data of the tether tensions 
as function of the angle of attack of. the kite at wind speed of 
9 rt\/sec;* To Investigate the effect associated with a 



TABLE 2 


TOTHSR TEr-EIONS AS A FUNCTION OF KITE'S ANGLE OF. 

Blower Voltage- -= 46 Volts ■ 

Wind Velocity = 9 m/sec 


"Extreme" C<*nf iguration 


"Nearest" C<#nf igaration. 


S .No. 

P : 

degree i 

( t 

■^L 

Newtons 

r- ■ rfi 

1 "R 1 

5 Newtons,' 
1 1 

'T ’ 

TOTAL ; 

Newtons j 

i 1 

degree; 

1 

Newtons! 

1 

— — 

R ; TOTAL 

Newtons ; Newtons 

1 . 

1 

8 

0,78 

5.40 

6.18 

10 

2.35 

4.90 

7.25 

2 

12 

1.37 

5.68 

7.05 

12 

2.84 

4.70 

7.54- 

3 

14 

1 .66 

6.67 

8.33 

15 

3.72 

4.41 

8.13 

4 

20 

2.35 

7.25 

9.60 

21 

5.92 

4.31 

10.23 

5 

27 

2.85 

7.25 

10.10 

23 

5.19 

3.72 

8.91 

6 

30- 

3.52 

7.40 

10.92 

24 

5.29 

3.43 

8.72 

7 

32 

3.83 

7.25 

10.08 

30 

5.98 

2.74 

8.72 

8 ■ 

35 

fl 

6.67 

10.50 

31 

5.78 

2.74 

8.52 

9 

38 

It 

6.18 

10.01 

35 

6.47 

1.76 

8.23 

10 

40 

It 

4.70 

8.53 

39 

6.47 

1.27 

7.74 

11 

46 

tf 

3.72 

7.55 

44 

6 .67 

0.78 

7,45 

12 

50 

11 

2.74 

6.57 

45** 

6,96 

0.78 

7.74 

13 

60 

fl 

1.76 

5.59 





14 

64 

II 

1.27 

5.10 





15 

68 

3.83 

0.78 

4 .61 






The kite does not remain in equilibrium if any attenpt is 
made to increase the angle of attack beyond 32° by increasing T^^, 
The only way left is to reduce T^^. 

**Beyond the angle of attack of 45°, kite does not remain in 
equilibrium. It comes downw 
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variation in the attachment point of the tether to the kite, 
we have taken measurements rn two configurations - one when the 
tether is fixed to the trailing edge ^ "extreme" configuration) 
and the other when the tether is tied at a point which is a 
small distance from the trailing edge ("nearest" configuration). 
In both the above configurations, the second tether is attached 
to the leading edge. The dcta for "extreme" and "nearest" cases 
are shown in Fig, 12 and Fig. 13 respectively. 

It is evident from Fig, 12 that as the angle of attack 
increases, both T„ and T. increase. However, when the angle of 
attack increases beyond 32°, reduces and becomes constant. 
One reason for this decrease in could be due to the movement 

of center of pressure towards the trailing edge. The effect of 
movement of CP towards the trailing edge could be seen more 
clearly in Fig, 13. Here as the angle of attack increases, 

T„ decreases but T^ increase", 

R -Li 

For the kite pump the "extreme" configuration is more 
appropriate to the "nearest" configuration. This is due to 
the following reasons: The maximum tether tension is larger 
(= 11 N) for "extreme" configuration than for nearest 
configuration (= 9N) . Another irrportant measure - the difference 
between the maximum tether tension aid the minimum tether 
tension at the lower angle of attack is larger in the case of 
"extreme" configuration (=4.82 N) than in the case of "nearest" 

configuration (= 1.6 N). 
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n conclusion, we can design a kite punip for total 

tether tension of 11 n when angle of attack is 32° (T =7 

' R 

» 3,84 N) and tether tension of 6.18 N = 5.39 n, 

= 0,79 N) when angle of attack is 8 *. 


♦ 26 



CHAPTER V 


DESIGN OF THE 


NITS PUIvlP iyECHANTSM 


.In this section »e wish to design a suitable mechanism, 
that Will utilise the variation in the tether tension available 
from the kite to pump water. Tor the successful functioning 
th_ kite pump, the matching of kite characteristics with 
the lifting of water load is crucial, si: :e the tether tension 
varies with the kite angle of attack, we must get two distinct 
kite attitudes during the upward and downward strokes in order 
that the mechanism be self operative. The kite angle of 
attack can be changed by the relative displacement of its 
tethers. A complete motion cycle for the kite pump can be 
divided into four parts. In the first part the kite moves 
upward. During upward motion the kite attitude should be so 
adjusted that the maximum load is lifted. The load consists of 
a dead weight-bucket and a useful load— water contained in the 
bucket. Now, as the system reaches the end of the upward stroke, 
some how two things should happen simultaneously to get the 
system ready for the downward stroke. First, the kite's angle 
of attack should be changed so that its load lifting capacity 
reduces , Secondly, the bucket- full of water should discard 
its water by tilting, but it must maintain sufficient dead 
weight to move the system downward. Thus, there are two relative 
thread d isplacerrents needed, one to change the kite's angle of 
attack and another to tilt the bucket. The energy to accomplish 
these relative displacements may come from the system's inertia 
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during the end of upward and downward strokes. The driving force 
during the downward stroke is the net difference between the 
bucket dead weight and the kite tether tension. The moment 
the system reaches the bottom distination* the tethers should 
again be relatively displaced in such a way that the original 
configuration (that of upward stroke) is regained. This can 
also be accortplished by the use of inertial energy of the 
system at the end of downward stroke. In this way the system 
is ready to move upward again. This cycle repeats itself. 

After making a lot of trials with different arrangements 
and adjustments, the mechanism shown in Fig. 14 was found to 
meet our requirements. 

V~1 |ffiCHyANISM DESCRIPTION (FIG. 14): 

The mechariism consists of a perfectly balanced beam 1 
which is free to rotate about a fulcrum 2, At the right and 
of the beam, a small aluminum lever 3 is attached. The lever 
is also free to rotate about its hinge. There is a spring 4 
that connects the lever tip with the beam and stores the energy 
when the whole system changes configuration at two deadpoints. 
Because of motion requirements, the total rotation of the beam 
and the lever are restricted to 60° and 90° respectively. 

Pins 5 and 6 restrict the beam rotation and 7 and 8 do the 
same for the lever. One kite tether aiid one bucket string are 
fixed to the beam end. The other kite tether that changes tne 
kite's angle of attack and the other bucket string which tilts 
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the bucket are both fixed to the lever tip. 


V-2 WORKING OF THE KITE PUMP MSCHAI^ISM 


At the start of the upwart stroke^ the kite's attitude 
is adjusted to obtain the maximum lifting capacity. The bucket 
is full of water/ but the force due to the dead weight + water 
load is slightly less than total tension in the kite tether. 
This unbalance force causes an upward moven.ant ( accelerates) 


of the beam end/ lever/, bucket and the kite system as a whole/ 
without having any relative motion among themselves. When the 
lever encounters pin 6/ its tip portion comes to rest, while 
the beam end along with the kite and bucket continues to move 
upward with quickly diminishing velocity. This is shown in 
Fig. 15(a). The angular kinetic energy acquired by the beam 
during its upward stroke, goes into the expansion of the spring 
which is connected with the clockwise turning lever. Spring 
assists in turning the lever very quickly, after the lever 
passes through the stage when the lever fulcrum and the spring 
endpoints fall on the same straight line. It is clear here, 
that the lever acts as a switch, having only two equilibrium 
positions bBC6.uso of the spring* 


The upward beam motion ceases when the lever finishes its 
clockwise tom. m the meantime kite changes its angle of attack 
and the bucket discards its water load by tilting. This all 
happens because of the relative tether displacement provided by 
the lever movement. Due to all these actions, the kite's 
lifting capacity is reduced so much so that the dead weight of the 




Fig. 15 Working of the kite pump model 
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bucket is sufficient to start the dc3wnward stroke. The beam 
acc— lerates and the angular kinetic energy it acguires during 
its downward stroke is used to turn the lever counterclockwise, 
when the latter encounters the bottom pin 5. This rotation of 
the lever causes the kite to regain its original angle of attack; 
for maximum lifting capacity. It also lifts the bucket to become 
normal and full of water. This is shown in Fig.lSCb). Since 
the kite's lifting capacity is much more than the sum of bucket's 
dead weight and the water load, upward motion starts and the 
cycle is repeated . 

V-3 DETERMINATION OF D3SIGN PARAMETERS 

Now we specify the design criterions which will lead 
to an optimum design of the kite purrp. 

Upward motion; Since the kite is constrained to move vertically 
in the wind tunnel, the region to the left of the peak of the 
total tension curve (Fig. 12) is selected. From Section IV, we 
have the kite load pulling capacity as 

maximum tether tension (T ^+T ) = (7,26+3.84) = 11. ON for 32 ° 

angle of attack 

minimum tether tension (T^^+T ^) = (5.39+0,79) = 6,18N for 8° 

^ angle of attack 

The dead weight + weight of water in upward stroke and dead weight 
in downward stroke are related to the tether tensions by two 


parameters; 
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DW + W 


Water load parameter X, 




0 


^R1 + ^Ll ' " 


Dead weight parameter X„ = 


DW 


" ■ ^R2 + \2' " 


During the beam's upward motion^ the system acceleration may be 
calculated by balancing the torque around the fulcrum, as given 
below for any angular position 9 with horizontal (Fig. 15) 


L/2 

i CTi 


L/2 


i g A X dx - I 

i 

o o 


5-^ g A X dx - (DW+Wj^ q) i Cos 9 


"2 

DW + W, 


+ ~ Cos © = [ (mj^ + 


H,0 ^ 

/ V / ij 


)(-| cos©) + i]a^ 


( 1 ) 

where x is the distance of the element Adx, along the beam from 
the beam fulcrum and mj^ is the mass of kite which is 30 gms. 
After siirplif ication equation . 1 becomes 


a- 




DW + W, 


( 2 ) 


I + (• 


H2O 


+ mj^)(^ Cos ©)^ 


including water load parameter and Dead weight parameter, 
expression becomes 
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a. 




Q 


X. ( T ^ + T ) 

-r . / 1 Rl ^Ll"^ . , T. 9 

I + ( ^ rrij^X^ Cos Q}^ 


(3) 


in writing eq. [1] and [ 2 ] we have made following assurxpt 


lons! 


( i) The beam is perfectly balanced about its fulcrum 
( ii) Tether mass is negligible 

( iii) Two kite and bucket tethers are connected very close 
to each other 


From eq .[ 3 ] we see that angular acceleration is a function 
of ©/ the angle that the beam makes with horizontal. However/ 
its variation with Q is not large and therefore a mean value is 
used in further calculations. Once cc^ 3 _ is determined the final 
angular and linear velocities can be obtained from 


^fl 


= (2 X ( 2)^/2 


Y 

fl 





and the time for upward stroke t^^ = 


(4) 

(5) 

( 6 ) 


As the system approaches the end of its upward stroke/ 
the lever strikes the pin and its one end stops, the other 
end keeps on turning along with the beam. As the lever rotates 
about the pin, two actions occur simultaneously-tilting of the 
bucket and reduction in the kite's angle of attack. Both 
these movements will now be analysed in detail. 


Bucket tilting; The bucket dimensions have been selected to be 
3x4 .6x5 cm^ to hold 53 gm of water (for = 0,75 and X^ = 1.25) 
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The bucket should empty before the lever end reaches its lov;er 
extreme position. Fig. 16 shows several positions of the tilting 
bucket and Table 3 shows the tension in the bucket strings. 

Figure 17 shows that the tension in the bucket's right string . 
i.e. T^ reduces faster than the kite tether tensions T_ and T_ 

R Li 

and it goes to zero when the relative tether displacerrent reaches 
4 cm approximately (the full range is 10 cm) , Thus after lever 
turns completely / the bucket is empty and the dead weight is 
carried only by the string tied to the beam 

Now the turning of lever requires that the beam should 

have sufficient angular kinetic energy to do so. The beam at the 

end of its upward stroke gains an angular kinetic energy of 
12 

^fi» Assuming that the initial spring extension is very 
small/ that the energy required to change the kite's angle of 
attack is negligible and 20% of beam angular kinetic energy is 
lost during impact? we can determine the spring stiffness K by 
balancing the beam's angular kinetic energy .with the spring's 
potential energy 

0.80 I Vfi 

K = , (7) 

X 

But the constraints on the lever motion are; 

( i) The lever should not turn by itself during the downward 
stroke. From Fig. 12 of section iv, = 5.3N at the minimum 

kite pulling capacity. Therefore, the spring should be capable 
of exerting moment greater than ( 5*3x5) N cm in order to avoid 
self turning of the lever. One choice freely available is to 
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table 3 


BUCKET STRI NG TENSTnr,^ AS IT nTqr^Dr.c. ^ 

~ discards TPiE WATER BY TILTING 


Water load parameter = 0.75 

Dead weight Parameter X 2 = 1,25 

Bucket dimensions 3x4. 6x5 cm. 

Dead weight of the bucket = 7 569 N 
(without water) ^ 


Water load 


= 0.525 N 



X, = 0.75 

X2= 1.25 

DWt +Wh20=8.250N 

DW = 7.725 N 

Bucket dimenstons 
= 3X4.6X5.0 


Fig. 16 Representation of the tilting bucket as it discards 
the water load. 
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to increase the moment arm of . the spring force. For this, 
the spring is fixed on the beam at the maximum possible 
distance of 20 cm from the lever fulcrum. This geometry gives 
a moment arm of 4.07 cm for the spring force and spring extension 
of 1.66 cm. These considerations determine the minimum stiffness 
of spring. However, final values of the spring stiffness can 
only be determined after the downward motion is coirplete 
satisfactorily , 

C ii) In the upper lever position i.e. when it is touching the 

pin 6 (Fig. 14), self turning is inpossible, because T_N t' and 

R. R 

the spring force is assisting in avoiding self turning. 

Now to fix the beam dimensions, we note that it must have 
sufficient angular kinetic energy so that the lever can turn frcmi 
the one extreme position to the other against the force of spring. 
Due to space limitations, the beam length should not exceed 60 cm 
and the kite's stroke length (which is equal to the distance moved 
by the beam end) by 30 cm. For the beam to have sufficient 
angular kinetic energy to turn up the lever when the latter is 
stopped by the pin, a beam length of more than 100 cm is required 
if the beam material is taken to be aluminum. Therefore, it 
cannot be used even though it is inexpensive. Copper is excellent 
but it is sorrewhat expensive. Mild steel can be used in place 
of copper if the beam thickness is slightly increased. From all 

these considerations, we get for 

Beam length Width Thickness 
60cm 5,0cm 1» 00 cm 


Copper 
Mild steel 


60 cm 


5.0 cm 


1,13 cm. 
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Moreover> for 30 cm of kite stroke, total angle of beam rotation 
comes out to be 60°. 

■ ilbout th.e Lever -dimens-ions -also, -some" rema-rks .are in,, order 
To keep the two top and bottom 'tether fixing points very close, 
the lever fulcrum is located towards the beam fulcrum. It has 
been found while conding experiments that approximately 10 cm 
of relative tether displacement is needed t'~' change the kite's 
angle of attack by 24°. To get this relative tether displacements, 
the length of the lever and its total angular oscillation range 
has been selected as 7,10 cm and 90° respectively. 


Downward motion; For the beam's downward motion, under the same 
assumptions ^ we ha/e used for upward motion, the equation of 
motion is obtained by taking moment about the beam fulcrum- 


t b ^ ^/-i , r T- ■/ PW . ... \ / ii ^ T /w ^ QJ 


[ DW - g + 2 ^®2 


noting that q ^ ^ ^ ~ ^2 ^'^r 2 ^2^ becomes 



(X; - 1)(T^; + §C0S8 

( + T ,^) -r 2 

I + [ ^ g + 2 


(9) 


The mean angular acceleration a 
velocity and the stroke time t 2 


^f2 ’^f2 ^ 2 


^2 f2^ ‘^m2 


_, final angular and linear 
m2 

are determined from 


( 10 ) 

( 11 ) 


( 12 ) 
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Spring stiffness is determined from the energy conservation when 
the lever strikes the bottom pin and turns counterclockwise. 


Again a 20% impact loss is assumed 

2 


0,80 I V 


K 


f2 


(13) 


The iteration between the requirements of upward and downward 
strokes yield a spring stiff:tess of 14 N/cm and an initial 
spring extension of 0,5 cm. 


V.4 CYCLE PERFORMANCE PARAMETERS 


The total water loed per cycle can be calculated from 
(DW + 

m = 2 (14) 

“hjO g 


or. 


"HjO 


^1 ^'^Rl ~ ^2 ^'^R2 '^h2* 

g 


The mass flow rate is given by 


“HgO 


+ "'Ll’ - ''2 ^"'r2 


“g c tj^ + t^y 


The power developed by the purtp/ P - 

1 2 

and the power coefficient is PC = '^/ "2 a ^ ^ 


w 


here S is the kite’s surface area. 


(15) 


(16) 


central 



^e. /yb. 


SS^MiT) 
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V.5 OPTIMIZATION 

Since the water load per cycle, the mass flow rate and 
power; all depend upon the water load parameter and the 
dead weight parameter X 2 / sn optimization with respect to these 
parameters is necessary. Computer outputs for these calculations 
are presented in the ^pendix. Based on these results Figs. 18-21 
have been drawn. Fig, 18 shows ’the variation of water load per 
cycle with the dead weight parameter X 2 foi different values of 
the water load pararmter X^ . We ^ee that as Xj^ increases and X 2 
decreases, the water load per cycle increases as expected. 

Fig. 19 depicts the mass flow -rate as a function of X 2 for different 
values of X^. The peak, of curve shifts towards right as X^ 
increases and a cross over takes place at X^ = 0,90. Also, the 
curves become more steep as X^ increases i.e, the variation in 
X 2 affects the mass flow rate to a larger extent as X^ increases. 
The optimum value of mass flow rate (= 0,136 Kg/sec) is obtained 
when X 2 = 1.122 ard X^^ = 0,90. Power follows the same pattern 
because it is simply mass flow rate multiplied by a constant _ 
(gh). Therefore power curves have not been plotted here. For 
the fixed optimum va^ue of (=1.122), mass flow rate and 
»ater load per cycle ape plotted In Plg.20, as funotion of Xi* 

This -figure shows that mass flow rate and water load per cycle 

caimot be maximized simultaneously. 

It will be interesting to compare the output power end 
mass flow rate of this kite pu* at optimum design conditions 

with the existing centrifugal and prdpellar type punps 

T-. j-w,-, camen mh< 5 <? flow rate of 0,136 Kg/sec 

irrigation purposes. For the same mass 
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the dead weight parameter 


0.136 
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Kg /sec 



X, 

Fig. 20 For a dead weight parameter of 1.122, the variation in 
water load and mass flow rate with water load 
parameter. 
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and 0,40 watts of powar added to water# a centrifugal puirp 
with the same inlet and outlet dianeters requires merely 
0,64 watts (= 0,00086 HP) to be supplied from some external 
source such as electric motor or disel engine. The output of 
kite pump model is comparatively very small, but it is still 
useful since it takes input energy from a renewable source. 


V.6 SENSITIVITY ANALYSIS 

In an experimental work, it is not unusual to have 
some variations in the value of parameters recorded. We have 
determined water load per cycle mass flow rate by varying 
"^Rl' '^R2' "^Ll^ i 20%, Coiiputer output is given in 

appendix and the effect is shown in Fig. 21. This figure shows 
that the water load per cycle and the mass flow rate, are more 
sensitive to T^^^, T ^2 rather than T^^ and T^^^* Moreover, it is 
also clear that an increase in T^^^ and T^^ is beneficial, whereas 
the same pattern is detrimental in the case of '^L2* 

This analysis has been done for optimum values of the water 
load parameter ~ 0,90) and dead weight parameter i ^2 ~ ^*^22) 


only. 



Mass flow rate 



# 

1 I 1 — J -1__ 

1.2 0.8 1.2 0.8 1.2 

Percentage variation 

dence of the mass flow rate and 
tpr cycle on the kite tether tension 



CHAPTER VI 


CONCLUSION 


A kite pump model for testing in the wind tunnel has been 
designed, it is a simple^ purely mechanical and automatic 
system in which a bucket is used to lift water. Equations of 
motion were developed and based on various criterions^ design 
parameters have been selected. Optimization of the water 
load parameter and dead weight parameter is carried out to obtain 
maximum mass flow rate and power. The optimum water load and 

dead weight parameter comes out to be 0,90 ard 1.122 respectively. 

, 2 

Using a Conyne kite of area .0,069 m and wind speed of 9 m/sec. 

The mass flow rate and power turns out to be 0.136 kg/sec and • 

0,4 watt. This power is equivalent to an input power of 
0,64 watt to a centrifugal pump. Further., a sensitivity analysis 
has been carried out to find out how + 20% variation in the 
tethers tension affect the performance parameters of the kite 
pump. Results indicate that the parameters (e.g. mass flow rats) 
are more sensitive to the tension of that tether which is 
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SUGGESTION FOR FUTURE WCllK 

This thesis describes, the' design of a kite purtp model ♦ 

■Now it shpUld be fabricated and its functioning should be 
demonstrated, Bised on the ej^erience and outcome of its 
wcrking’i the design should be modified and extended to the 
design and fabrication of the prototype system. These prototype 
system can be compared with the existing irrigation pumps 
and the economic justification of the new system should be 
sought. There are several important questions that imist be 
answered before the economics can be clearly understood* Whether 
some new mechanisms for the sane purpose can be explored? 

Whether the sane lever mechanism will be able to furnish the 
relative thread displacements needed in case of large kites 
flying at high attitudes. List of questions still remains, Ixit 
this work provides a me'thodology for more detailed design and 
prototype ftudy of such wind energy conversion system. 
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